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ExoP lanet Explorat ion Program

• EXOSIMS

– Open source. Python. Parametric. Probabilistic. Modular.

– Creates ensembles of DRMs which can be analyzed statistically.

Universe n

Universe n+1

Universe n+2

2 Detections

1 Detection

1 Detection

What is EXOSIMS?
https://github/dsavransky/EXOSIMS
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D. Savransky, et al., JATIS 2(1) 2016
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Sample DRM – Hybrid Starshade

Coronagraph
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EXOSIMS Architecture
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D. Savransky, 2016
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EXOSIMS Architecture
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D. Savransky, 2016
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Inputs

• https://docs.google.com/spreadsheets/d/1-

w1eybYV6nyX02kH7eoNWie8UinzlVnLM4F-64AagHw
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https://docs.google.com/spreadsheets/d/1-w1eybYV6nyX02kH7eoNWie8UinzlVnLM4F-64AagHw
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Inputs cont.
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Starshade Sky Coverage Map

largest continuous interval of  observability

for each target (1-day granularity)

Cumulative fraction-of-time target is observable

Size of point is proportional to target Vmag.

• Two year mission: 2036-2037 inclusive

• dMagLim = 26.5

• Sun keepout:  > 45˚ and < 83.4˚ is OK

• Earth keepout:  >35˚ is OK

• Moon keepout: >15˚ is OK

• Other bodies: > 1˚ is OK

Earth-Sun

angle
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TESTING
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Three Test Levels

EXOSIMS: 3850 lines of source code and 208 functions

Tests: 3450 lines of source code and 237 functions

1. Unit tests 

– Test each important function within each module (75% coverage)

– Test code verifies operation of function across all its inputs

– Dozens of bugs have been identified and fixed

2. Integration testing

– Verify correctness of multiple functions and data sources

– Done for keepout, photometry, completeness

• E.g., for keepout: spacecraft position, planetary ephemeris, orbit 

propagation simultaneously tested

3. End-to-end validation 

– Chris Stark’s AYO code using standard inputs:  ExoCat star list, 

SAG13 occurrences) for Decadal Mission Concept Studies
10
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Case Study: Photometry

• For photometric integration tests, we used a separate Matlab code with a 

universe composed of Radial Velocity planets (IPAC catalog)
– EXOSIMS and Matlab code both work from this catalog: positions, masses, orbits

• Current universe has 580 RV planets of which ~100 can be used in the test

– Limits include working angle and delta mag

• A range of planet radii and masses are represented in the simulated universe
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Photometric Results

• Universe of KnownRVPlanets from IPAC portal

• Validated vs. Matlab code: Photon counts (planet/background), integration time
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Photometry agreement
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- Verified 

wavelength 

dependent star 

flux correction

- Verified 

bandwidth 

difference 

between 

detection and 

characterization.

Relative errors are 

expressed in percent.
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Unit Testing Orientation

• The core concept is in the name

– “Unit” = smallest non-decomposable code segment

– Typically a unit test applies to a single function

– Expect several tests per function ⇒ more tests than code

• It’s common in software

– Not common in science modeling

– Is used in WFIRST integrated model pipeline and for the 

conversion of PROPER optical diffraction model

• Python has a unittest framework to provide support

– Automatically discover tests, run one or all

– Automatically compute coverage statistics
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The Simplest Unit Test

def test_calc_Phi(self):

r"""Test calc_Phi method for computation of exoplanet phase function.

Approach: Check the computation of Phi at sample points based on

the Lambert scattering function from, e.g., Traub et al., JATIS 2(1), 

2016, sec. 2.3."""

ppmodel = self.fixture()

r = np.linspace(0.0, 2*math.pi, 100) * u.rad

result = ppmodel.calc_Phi(r)

phi = lambda(x): (math.sin(x) + (math.pi - x) * math.cos(x))/math.pi

expected = [phi(x.value) for x in r]

np.testing.assert_allclose(result, expected, rtol=1e-07)
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Initialize

EXOSIMS
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Compare
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Example: Planet Population
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Unit tests for Fortney-Marley-Cahoy planet physical model use tabulations of planet 

properties independently extracted from the three source ApJ papers (as corrected):
Fortney, Marley, and Barnes, 2007, ApJ, 659, pg. 1670.

Cahoy, K. L., Marley, M.S., & Fortney, 2010, ApJ, 724.1, pg. 189.

Fortney, Marley, and Barnes, 2007, ApJ, 668, pg. 1267 (erratum).

Python test values
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Code and Unit Tests Correspond

EXOSIMS Code EXOSIMS Unit Tests
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1449 code lines

1708 code lines

Line counts measured in SLOC
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Test Coverage
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This comes from the standard coverage utility built on Python unittest

It is an interactive webpage with drill-down into code lines
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How many DRMs 

should be in an ensemble?
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There might be 

a double peak.
Error bars from 

binomial detection 

statistics

A = DRMs 1:700

B = DRMs 800:1500

8m diameter unobscured

missionLife = 1

missionPortion = 1.0

Num DRMs = 1500

eta = 0.1

For an 8m Diameter and eta = 0.1, I would use 800 DRMs

Results from numDRMs_8m_1500.ipnb using output HabExAYO_8m_20170127_cluster/20170301_2045
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How many DRMs … 6m
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Bottom: Results from numDRMs_6m_1000numDRMs_6m_1000_20170301_0029.ipnb using output HabExAYO_6m_20170215_cluster/20170301_0029

6m diameter unobscured

missionLife = 1

missionPortion = 1.0

Num DRMs = 1000

eta = 0.1

Top: Results from numDRMs_6m_1000.ipnb using output HabExAYO_6m_20170215_cluster/ 20170221_2327

6m diameter unobscured

missionLife = 1

missionPortion = 1.0

Num DRMs = 1000

eta = 0.1

After github update to fix 

Observatory 

For an 6m Diameter and eta = 0.1, I would use 600 DRMs
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How many DRMs … eta = 1

21For an 6m Diameter and eta = 1.0, I would use 400 DRMs

6m diameter unobscured

missionLife = 1

missionPortion = 1.0

Num DRMs = 800

eta = 1.0

After github update to fix 

Observatory 
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EXOSIMS and AYO, very different 

approaches,  produce similar yields
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AY

O

EXOSIM

S 

mean

EXOSIM

S 

std

4m, 2l/D 6.6 5.4 1.5

4m, 2.5 l/D 5.6 3.5 0.7

6m, 2 l/D 14.0 16.4 1.4

6m, 2.5 l/D 12.2 9.7 1.0

8m, 2 l/D 23.2 33.7 1.9

8m, 2.5 l/D 20.3 25.3 1.8

Possible sources of variance:

• Overhead accounting

• Star selection

• Exozodi throughput
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BACKUP
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Simulated Mission Ensemble

• Simulate a universe by sampling planet population distributions

• Schedule a mission using spacecraft and mission observing constraints
– Dynamically respond to detections

• Repeat with a new universe 1,000 times
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Chris Stark’s AYO Approach
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Star list

Monte Carlo

Planets 

around stars

Planet 

Classes

Instrument
Cumulative 

Completeness

Completeness(Tint)

Optimize Int. 

Time Alloc.

AYO: Altruistic Yield Optimization
Produces Static Time Budget
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Typical Unit Test Strategies
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• Numerical checks with another implementation

• Solar system ephemeris: checked vs. an independent implementation 

using JPL Spice kernel

• Stellar proper motion is point-checked with an independent calculation

• Random number distribution checks, in some planet population cases

• Numerical checks versus tabulated data

• Fortney-Marley-Cahoy planet physical model checks against full 

tabulations of planet properties from three ApJ papers (2007, 2010)

• Known RV Planets universe checks exhaustively against IPAC catalog 

of stars and planets (584 planets, about 35 attributes)

• Zodiacal light (Stark) checks vs. an independent tabulation by P. 

Lowrance covering ~40 sources at two wavelengths

• Functionality checks

• Object constructors must set all properties (as many as 30)

• Verify object type, units, size, range matches constraints



ExoP lanet Explorat ion Program

Testing Has Improved EXOSIMS
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• Finding bugs

• Solar system ephemeris

• Keepout

• L2 halo orbit

• IWA for constant contrast

• Revealing issues (problems that are not bugs)

• Cached completeness result could lead to incorrect results

• More detailed reporting of simulation results

• Changing method of implementation

• Solar system ephemeris now uses JPL Spice kernels rather than Kepler

elements

• Improving repeatability

• Unified random number generation allows end-to-end repeatability

• DeterministicUniverse class

• Logging


